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Abstract
Gentoo penguins Pygoscelis papua breed at a number of sites at the West Antarctic Penin-
sula, including Goudier Island, Port Lockroy—the longest studied location for tourist-pen-
guin interactions in the Antarctic. These penguins annually encounter some of the highest 
numbers of tourists in the whole of Antarctica. Using yearly count data from all ten colo-
nies on Goudier Island, we report changes in long-term population size and breeding suc-
cess over a 21 year period (1996/1997 to 2016/2017), documenting inter-annual variability 
in numbers of breeding pairs and chicks fledged (productivity). We found a 24.5% (1.4% 
per annum) decrease in breeding pairs; similar declines were evident in breeding pairs at 
six colonies visited by tourists as well as at four unvisited colonies. Breeding success also 
declined, with chick numbers declining in visited (53.7%, 3.8% per annum) and unvisited 
colonies (59.8%, 4.6% per annum). While gentoo penguin numbers are increasing region-
ally, we reveal a recent decline in the Goudier Island population occurring simultaneous 
with increases in tourist numbers from 262 in 1996/1997 to 19,688 in 2016/2017. Analyses 
suggest a complex situation with different possible drivers of change. There was a signifi-
cant negative effect of increasing air temperature and shifts in sea ice variables on breeding 
pairs. However, similar statistical support showed a significant link existed between year 
and visitors, with higher numbers of visitors negatively affecting penguin numbers. Based 
on our results we recommend increased precaution in management at Goudier Island, and 
initiation of similar studies at other frequently visited penguin sites in Antarctica.
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Introduction
Gentoo penguins (Pygoscelis papua) have a circumpolar range with an estimated global 
population of 387,000 breeding pairs (Lynch 2013). Important breeding sites occur along 
the West Antarctic Peninsula (WAP) and across the Scotia Sea (Harris et al. 2015; Lynch 
et al. 2012), where approximately 80% of the global population breeds (IUCN 2016). The 
WAP and Scotia Sea are both experiencing significant environmental change (Forcada 
et al. 2006; SCAR 2009; Turner et al. 2016), with increases in air (Turner et al. 2016) and 
ocean temperatures (Gille 2008) and reductions in the regional duration and extent of sea-
sonal sea-ice (Stammerjohn et al. 2008a, b). Recent gentoo population surveys at a number 
of sites across the WAP and Scotia Sea showed different trends at different sites; some 
were stable while others increased, or expanded southwards (Baylis et  al. 2013; Clucas 
et al. 2014; Ducklow et al. 2007; Dunn et al. 2016; Juáres et al. 2013; Lynch 2013; Lynch 
et al. 2008). Following a recent reappraisal of population trends, the gentoo penguin is cur-
rently designated as “Least Concern” by the IUCN, having previously been classified as 
“Near Threatened” in 2012 (IUCN 2016).
Changes in penguin population size are a useful indicator of ecosystem status (Boersma 
2008; Che-Castaldo et al. 2017; Croxall et al. 2002; Forcada and Trathan 2009; Fraser et al. 
1992; Hinke et al. 2007; Lynch et al. 2010; Lynch and LaRue 2014; Murphy et al. 2007; 
Trathan et al. 2007; Trivelpiece et al. 2011; UKAHT 2016). Currently, a number of eco-
logical programmes exist that include gentoo penguins as one of the species monitored; 
this includes the Commission for the Conservation of Antarctic Marine Living Resources 
(CCAMLR) Ecosystem Monitoring Program, CEMP (CCAMLR 2004). CEMP records a 
range of parameters for penguins in order to monitor the status of the marine ecosystem 
in areas used by fisheries, to determine whether observed changes might be ascribed to 
fishery impacts or to natural environmental variation (Agnew 1997). At Goudier Island, 
we used CEMP protocols to monitor key penguin parameters. The standardised monitor-
ing programme at Goudier Island was established during the 1996/1997 breeding season 
to assess the effects of tourist visitors on the gentoo population (Cobley and Shears 1999). 
Since then, numbers of breeding pairs and crèching chicks, as well as visitor numbers, 
were counted annually at all colonies.
Gentoo penguins first established breeding colonies at Goudier Island, Port Lockroy in 
1985 (Cobley and Shears 1999; Trathan et al. 2008) and became a tourist attraction shortly 
thereafter. There are currently 10 colonies on Goudier Island and the site has become one 
of the most heavily visited tourist sites anywhere in the Antarctic, receiving an average 
of approximately 11,200 visitors per austral summer (November to March). In 2012/2013, 
more than 16,000 passenger landings took place on Goudier Island (Bender et  al. 2016; 
IAATO 2017; Lynch et al. 2010). During the austral summer, tourist vessels visit Goudier 
Island nearly every day to view the penguins and the restored historical British Antarctic 
Survey (BAS) base which is currently managed and maintained by the UK Antarctic Herit-
age Trust (UKAHT 2016). The number of tourists landing on the WAP has increased dra-
matically since the late 1980s: between the 1989/1990 and 2013/2014 austral summers the 
number of visitors landing increased by 6 ± 1% per annum (Bender et al. 2016). The first 
tourist ships arrive at Goudier Island and nearby Jougla Point as early as mid-November 
(15 November in 2016), and daily visits continue until late February or March (28 February 
in 2017, 4 March in 2016), resulting in a complete overlap of tourist visits across the entire 
breeding season of the resident gentoo penguins (Black 2016; Cobley and Shears 1999). 
Tour ships visiting Goudier Island frequently incorporate visitor landings at nearby Jougla 
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Point where a maximum of 100 people are permitted to land at a time (see http://www.ats.
aq/devAS /ats_other _templ ate.aspx?lang=e&id=168cb dd8-56ae-45ad-8682-cdb71 96f75 
4e). Each visit to Goudier Island is carefully managed by UKAHT staff in accordance with 
current International Association of Antarctica Tour Operators (IAATO) visitor guidelines 
and the Antarctic Treaty System (ATS 2016; IAATO 2017; UKAHT 2016): a maximum of 
60 visitors are permitted ashore at any one time and they are only permitted to travel along 
designated pathways under the supervision of UKAHT staff and ship-based guides. Never-
theless, the small size of the island makes it inevitable that visitors and station personnel 
are regularly within very close proximity (less than several metres) of nesting or transiting 
gentoo penguins and their chicks, despite a general recommendation of a 5 m minimum 
approach distance (IAATO 2017).
An initial study by Cobley and Shears (1999) found that gentoo penguin breeding suc-
cess at Goudier Island during the 1996/1997 austral summer was similar to that elsewhere 
in the region, concluding that tourist disturbance was unlikely to have had an impact in that 
season. A more comprehensive study by Trathan et al. (2008), using data from 12 years 
(1996/1997–2007/2008), found high inter-annual variability in numbers of breeding pairs 
and observed productivity (number of chicks divided by number of nests with eggs), a 
result that reflects gentoo behaviour elsewhere (Holmes 2007; Putz et  al. 2001). Six of 
the 10 Goudier Island colonies are directly visited by tourists, while four colonies are not. 
However, penguins nesting in these four colonies have to move through areas accessed by 
visitors to transit to and from the sea. Trathan et al. (2008) reported that breeding num-
bers in two of the six visited colonies declined significantly but breeding success remained 
unchanged, and interpreted this as likely due to small scale movement of breeding pairs 
between locally-situated colonies, as is commonly recorded in this species (Bost and Jou-
ventin 1990).
The programme at Goudier Island is the longest-running study measuring potential 
tourist disturbance to breeding penguins in the Antarctic. Each year large numbers of tour-
ists visit penguin breeding sites in Antarctica (Bender et  al. 2016; IAATO 2017). Thus, 
the ongoing monitoring of Goudier Island remains of high conservation and management 
value. Here we present a 21-year dataset (1996/1997 to 2016/2017); data were collected in 
a consistent manner and conformed to the CEMP methodology. We compare the colonies 
visited by tourists with those not directly visited. In addition, we examine the influence of 
environmental variability and compare our observations with records from a neighbouring 
breeding site at Jougla Point on Wiencke Island, as well as with other sites within the local 
region (within 50 km range).
Materials and methods
Study site and species
This study took place at Goudier Island, Port Lockroy, Palmer Archipelago (64°49′S, 
63°29′W, Fig. 1). Goudier Island, (~ 200 × 125 m), is predominantly flat, exposed bedrock 
and dominated by the restored BAS base (Fig. 1). At this site gentoo penguins breed in 
10 colonies varying in size from < 5 to 231 pairs. Six colonies, named as “Boat”, “Base”, 
“Mast”, “Screen”, “Nissen” and “Anemometer” are located either adjacent to or in close 
proximity of the restored base buildings which are also visited by tourists (Fig. 1). Four 
colonies (Control 1–4) are located in the east of the island and not visited by tourists and 
 Biodiversity and Conservation
1 3
rarely by base staff. However, penguins nesting here encounter tourists on their way to and 
from the sea but remain otherwise undisturbed except for annual pair, chick and crèche 
counts (Fig. 1).
Survey methods
Each colony on Goudier Island was defined as a distinct assemblage of nests clearly sep-
arated from neighbouring groups. All colonies were surveyed using direct ground count 
methods (Trathan et  al. 2008) as set out in the CEMP Standard Methods (CCAMLR 
2004). Fixed counting methods over successive years provided consistency both in data 
collection and also in disturbance levels. Annual breeding chronology dates were estab-
lished (CEMP Method A9) using the “Mast” colony from 1996/1997 to 2007/2008 and the 
“Screen” colony after 2008/2009, as recommended by Trathan et al. (2008). Annual trends 
in population size (CEMP Method A3A) and estimated breeding success (CEMP Method 
A6C) were established for all colonies. Method A3A involves counting all occupied nests 
approximately 1 week after 95% of all nests in the chronology colony have at least one 
egg. Method A6C involves two counts: the first when hatching has ended at which time 
all chicks in nests are counted in each colony; the second count is made once chicks have 
formed crèches and the total number of chicks on Goudier is recorded.
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Fig. 1  Location of Goudier Island and Jougla Point, Port Lockroy including distribution of gentoo penguin 
breeding colonies and restored base. Note, for colonies: A Boat, B Base, C Mast, D Screen, E Nissen, F 
Anemometer, G Control 1, H Control 2, I Control 3, J Control 4
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All surveys were carried out by a minimum of two field staff: personnel either entered 
a specific colony (necessary for Method A9) or observed from colony peripheries using a 
tally counter, (in which case all surveys were repeated a minimum of three times until the 
counts were within 10% and the mean count utilised for further analysis). Care was taken 
to keep any disturbance to a minimum: during surveys breeding birds rarely left their nests 
and those that did returned almost immediately.
We also reviewed gentoo pair data from Jougla Point, a rocky peninsula located at 
the western end of Wiencke Island, approximately 150 m from Goudier Island (64°50′S, 
63°29′W, Fig. 1) and from seven other colonies within approximately 50 km of Goudier 
Island (Damoy Point, Biscoe Point, Cuverville Island, Danco Island, Georges Point, Useful 
Island, Waterboat Point, Supplementary Fig. S1). All count data for these seven colonies 
and Jougla Point were downloaded from the Mapping Application for Penguin Populations 
and Projected Dynamics website (MAPPPD, http://www.pengu inmap .com) where they are 
publicly available (Humphries et al. 2017), data in MAPPPD being the most comprehen-
sive available. Due to logistic constraints surveys at Jougla Point were carried out oppor-
tunistically between 1996/1997 and 2016/2017 (Humphries et al. 2017). All data generated 
during this study are available within this published article and its supplementary informa-
tion files.
Data analysis
Annual tourist landing numbers for Goudier Island were recorded by UKAHT personnel 
and compared with penguin population size and breeding success. We used generalised 
additive models (GAMs) to assess inter-annual and temporal trends and visitor effects on 
the number of nests and chick counts respectively. Nesting penguins (N) were a proxy for 
annual number of breeders and chick counts (C) a proxy for productivity/breeding success 
(f), and both parameters were assumed to follow a Tweedie distribution (Tweedie 1984). 
For productivity, C ~ Twp(Ntft), the model likelihood, LP(C, N|f) assumed that the total 
number of chicks counted in year t depended on the number of nests and their productivity. 
While N and C are correlated, we also analysed the number of breeders independently as 
we were less concerned about the population dynamics of the study site than the aspects 
that affect its conservation status.
The main effects considered were type of colony (control vs. visited), number of visi-
tors, season, and environmental variables; the latter included surface air temperature and 
a number of variables (see below) related to the sea ice state and year. Only models with 
sea ice variables that were not highly correlated were fitted to avoid collinearity effects. 
Then, model selection accounted for the best set of variables amongst all possible model-
ling options. The chosen variables represented collectively how the sea ice environment 
might affect the current penguin breeding season and were selected from previous analyses 
of the best predictors of penguin population dynamics (e.g. Forcada et al. 2006). Sea ice 
can reduce or prevent access to breeding sites and foraging sites; precipitation depends 
on air temperature and can affect breeding success through nest burial by snow or flood-
ing from snow-melt or rainfall (Lishman 1985; Forcada et al. 2006; Forcada and Trathan 
2009). Monthly surface air temperatures were obtained from Faraday/Vernadsky research 
station records, which is the closest long term record available (data available at the Brit-
ish Antarctic Survey; https ://legac y.bas.ac.uk/met/READE R/surfa ce/Farad ay.12.tempe ratur 
e.html). Sea ice variables were obtained from the US National Snow and Ice Data Center 
(NSIDC) (http://nsidc .org/), using daily images of sea ice concentrations from Nimbus-7 
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SMMR and DMSP SSM/I-SSMIS Passive Microwave Data, Version 1 (Cavalieri et  al. 
1996). To calculate the seasonal sea ice cycle, sea ice data local to Goudier Island were 
selected with a polygon described by coordinates −  62.53, −  62.55; −  61.26, −  63.75; 
− 65.11, − 66.24; − 68.44, − 64.92; − 66.54, − 64.04; and − 64.63, − 63.28 of longitude 
and latitude. We chose a sea ice minimum threshold of 15% for consistency with previ-
ous studies using the same data sets; this concentration is the minimum reliably detectable 
with satellite imagery and is used to track the ice edge (Stammerjohn et al. 2008a, b). Sea 
ice variables included; (1) day of advance: first day when sea ice concentration exceeds 
15% for at least 5 consecutive days; (2) day of retreat: first day when sea ice concentra-
tion remains < 15% until end of period; (3) ice season duration: the total number of sea-ice 
days (between day of advance and retreat); (4) actual ice days: number of days sea ice was 
present in the polygon area; (5) minimum sea ice extent: minimum (< 15%) sea ice concen-
tration reached within the polygon area; (6) sea ice minimum: day of the year when the sea 
ice extent is at its lowest; (7) maximum sea ice extent: maximum  % concentration of sea 
ice within the polygon area; and (8) sea ice maximum: day of the year when sea ice reaches 
its largest extent within the polygon area.
Models for number of breeders and productivity were fitted as
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Models (Supplementary Table S1 and S2) were implemented with methods in software 
R package mgcv (Wood 2006). Fitted models retained parametric effects and smoothers 
(thin plate regression splines) that increased the amount of deviance explained, and reduced 
AIC (also BIC) scores. These scores were also good indicators of best smoothing parame-
ters (Wood et al. 2016). Diagnostic information on the results and fitting was obtained from 
residual plots and tests implemented in function gam.check of package mgcv.
In Tweedie models, for any random variable Y, the variance var(Y) relates to the mean 
E(Y) with a power law, var(Y) = a[E(Y)]p,where a and p are positive constants. Special 
cases are p = 0, p = 1, and p = 2, corresponding to a Normal, Poisson and Gamma distribu-
tions respectively (Tweedie 1984). Here, the best value for p, constrained between 1 and 2, 
was selected during the fitting process with an optimisation method implemented in func-
tion tw of mgcv.
Results
Population trends
The total population of gentoo penguin breeding pairs on Goudier Island decreased by 
24.5% (1.4% per annum) between 1996/1997 and 2016/2017 (Fig.  2, Table  1). During 
the early years (1996/1997 to 2000/2001), overall pair numbers increased by 25% (5.6% 
per annum), before decreasing in 2001/2002 by 55.6% (Fig.  2, Table  1). The counts in 
2001/2002 represent the lowest number recorded in any season and are likely to be due to 
the heavy snowfall in that year (Trathan et al. 2008). Although the population recovered by 
96.5% in the 2002/2003 season, overall numbers of breeding pairs subsequently decreased 
by 30.8% (2.1% per annum) to 2016/2017 (Fig. 2, Table 1).
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There was a long-term negative trend for total number of nests. The total number of 
nests counted each breeding season was best explained by type of colony, the effects of air 
temperature and sea ice maximum and an interaction term of year and number of visitors, 
(Supplementary Fig. S2). Nest numbers were negatively correlated with air temperature 
and positively correlated with sea ice maximum (Supplementary Fig. S2), although the 
sparseness of the data along the axis of the partial smoother plot, particularly the influ-
ence of the largest values of air temperature and sea ice maximum, indicate the potentially 
strong effects of a few extreme years. The interaction of year and visitors was highly signif-
icant (p < 0.002), and more recent years with higher numbers of visitors had a more nega-
tive effect on numbers of active nests (Supplementary Table S2). The relationship between 
number of nests and year was linear, (−  0.08689; SD = 0.02589 p = 0.00192; model 25 
in supplementary Table  S2). This negative trend corresponded to unaccounted temporal 
variation, once the effects of sea ice and air temperature were accounted for. However, 
the best model (model 30 in Supplementary Table S2) included an interaction term (not 
depicted in Supplementary Fig. S2) between season and number of tourists (− 8.825e−06, 
p = 0.00157). This indicated that the number of active nests decreased with season as the 
number of visitors increased. Assuming average environmental conditions and constant 
visitor numbers (n = 5000), the number of active nests would decline by 13% over 21 
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Fig. 2  Trends in gentoo penguins and tourists at Goudier Island, 1996/1997–2016/2017. a Breeding pairs 
counted annually in all colonies combined. b Breeding productivity (chicks/breeding pairs) in all colonies 
combined. c Total numbers of visitors landed at Goudier Island (IAATO 2017)
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seasons. If the number of visitors was 10,000, the decline would be 25% over the same 
period. We tested for density dependence (effect “nest_1” in Supplementary Table S2) but 
this did not improve the fit of the best models and the effects were non-significant.
Similar patterns of population change occurred between the visited colonies (Boat, 
Base, Mast, Screen, Nissen and Anemometer) and unvisited colonies (Fig. 3, Supplemen-
tary Table S3), with several periods of distinct change. Both types of colony exhibited pop-
ulation increases from 1996/1997 to 2000/2001, followed by an exceptionally poor year in 
2001/2002, and immediate recovery in 2002/2003. They subsequently underwent periodic 
fluctuations, with an overall decline in breeding pairs to 2016/2017. For the visited colo-
nies, the overall pattern between 1996/1997 and 2016/2017 was a decline in numbers of 
24.3% (1.4% per annum, Fig.  3). Unvisited colonies showed a similar decline of 25.3% 
(1.5% per annum) from 1996/1997 (Fig. 3).
Breeding success
Total breeding productivity across all ten colonies on Goudier Island varied between 13.4% 
and 73.4% (0.2 and 1.4 productivity, calculated as number of chicks crèched per breeding 
pair) from 1996/1997 to 2016/2017 (Fig. 2, 4, Supplementary Tables S3, S4). However, 
there was an overall decline over time (Fig. 4).
Of the eight sea ice variables considered, sea ice minimum and sea ice maximum were 
the most correlated with breeding success (Fig.  2, 4, Supplementary Fig. S2). Sea ice 
maximum was positively correlated with day of advance (Pearson’s r = 0.734 p < 0.001) 
and was negatively correlated with sea-ice season duration and sea-ice duration (Pearson’s 
Table 1  Total pair numbers and breeding productivity of gentoo penguins, Goudier Island, Port Lockroy 
1996/1997–2016/2017
Season Nests occupied Date of pair count Chicks counted Date of chick 
count
Breeding pro-
ductivity (chicks/
occupied nest)
1996/1997 726 6 Dec. 1996 920 14 Feb. 1997 1.2
1997/1998 723 1 Jan. 1998 1015 18 Feb. 1998 1.4
1998/1999 704 30 Nov. 1998 606 2 Feb. 1999 0.8
1999/2000 779 9 Dec. 1999 875 15 Feb. 2000 1.1
2000/2001 908 7 Dec. 2000 1169 6 Feb. 2001 1.2
2001/2002 403 4 Feb. 2002 111 25 Feb. 2002 0.2
2002/2003 792 3 Dec. 2002 1163 16 Jan. 2003 1.4
2003/2004 722 7 Dec. 2003
2004/2005 645 7 Dec. 2004 691 17 Feb. 2005 1.0
2005/2006 681 17 Dec. 2005 866 27 Jan. 2006 1.2
2006/2007 557 11 Dec. 2006 736 22 Jan. 2007 1.3
2007/2008 617 11 Dec. 2007
2008/2009 616 13 Dec. 2008 665 1 Feb. 2009 1.0
2009/2010 662 3 Dec. 2009 832 11 Feb. 2010 1.2
2010/2011 627 22 Dec. 2010 513 25 Feb. 2011 0.8
2011/2012 658 28 Nov. 2011 688 9 Feb. 2012 1.0
2012/2013 585 20 Dec. 2012 787 17 Dec. 2013 1.3
Biodiversity and Conservation 
1 3
r = − 0.576 p < 0.007 and − 0.586, p < 0.006 respectively, Supplementary Fig. S2). After 
accounting for the long-term trend, the variation in breeding success was best explained by 
sea ice variables. It had a nonlinear relationship with sea ice minimum and sea ice maxi-
mum (Supplementary Fig. S2), although the sparseness of the data along the axes of the 
partial smoother plots (Supplementary Fig. S2) does not suggest any obvious environmen-
tal pattern. Based on the best models, trends in breeding success did not differ between 
visited and unvisited colonies (Fig. 5).
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Fig. 3  Total number of gentoo penguin nests counted by season split by colony type (control/not vis-
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Fig. 4  Best-fitting GAM model prediction of total gentoo penguin breeding productivity (chicks/breeding 
pairs) by season for all colonies combined at Goudier Island. Vertical bars are 95% confidence levels
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Between 1996/1997 and 2016/2017 breeding productivity in the four unvisited colo-
nies showed inter-annual variation of between 19.6 and 78.6% (0.39–1.57 productivity, 
Fig.  5, Supplementary Table S4) while breeding productivity at the six visited colo-
nies varied between 21.4 and 82.2% (0.4 and 1.6 productivity, Fig. 5, Supplementary 
Table  S4). Over this time, breeding productivity declined across the four unvisited 
colonies by 46.3% from 1.55 to 0.83 productivity, and also declined across the visited 
colonies by 38.8% from 1.47 to 0.90 productivity (Fig. 5).
Neighbouring colonies
At Jougla Point (Fig. 1), the number of breeding pairs declined from 1595 to 1116 or 
30% (1.9% per annum) between 1996/1997 and 2015/2016 (Supplementary Table S5) 
and chick numbers declined by 22.6% (1.5% per annum) from 2206 to 1708 between 
1997/1998 and 2014/2015 (Humphries et al. 2017).
At seven other gentoo penguin colonies (Biscoe Point, Cuverville Island, Danco 
Island, Damoy Point, Georges Point, Useful Island and Waterboat Point) the number of 
breeding pairs increased in all except Useful Island, which declined by 2.7% between 
2004/2005 and 2015/2016 (Supplementary Fig S1, Table S5, Humphries et al. 2017). 
Over the time period when most colonies were surveyed (2008/2009 and 2015/2016) 
the Damoy Point population decreased by 0.5% per annum (Goudier Island decreased 
by 1.4% per annum), but over the full survey period (1998/1999 to 2015/2016), a small 
increase was recorded at this location. The other six colonies increased by between 
23.6 and 57.1% overall, an increase of between 3.0 and 6.5% per annum (Fig. 3, Sup-
plementary Table S5, Humphries et al. 2017).
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Fig. 5  Gentoo penguin total chick numbers recorded each season at Goudier Island split by colony type 
(control = black dots, visited = red dots). The grey bands are based on the seasonal prediction of nest counts 
and depict the temporal and environmental trends by colony type according to the best GAM model. Confi-
dence bands are based on 95% confidence interval prediction
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Tourist numbers
The overall number of visitors landing at Goudier Island increased by 7414.5% (21.6% 
per annum) between 1996/1997 and 2016/2017 (Fig. 2, Supplementary Table S6). There 
was an initial increase of 6871.4% (38.6% per annum) from 262 to 18,265 people up to 
2007/2008, a subsequent 30.7% decrease to 12,654 people in 2010/2011 and a sec-
ond period of increase of 52.1% (21.0% per annum) to 2012/2013 (Fig.  2, Supplemen-
tary Table  S6). Although visitor numbers declined by 5014 over a single subsequent 
season (2013/2014), a third period of increase (38.3%, 10.8% per annum) followed up to 
2016/2017 (Fig. 2, Supplementary Table S6). There was no statistical correlation between 
the number of visitors and the selected sea ice variables.
Jougla Point experienced an even more substantial increase in visitors: between 
1996/1997 and 2007/2008 the number of people landing increased by 43.3% per annum, 
from 102 to 11,887 (Table  2, IAATO 2017). Subsequently visitor numbers declined by 
30.4% (4.0% per annum) up to 2016/2017. Overall there has been an increase of 22.0% per 
annum in the number of visitors landing at Jougla Point between 1996/1997 and 2016/2017 
(Supplementary Table S6, IAATO 2017).
Visitor numbers available for five gentoo penguin colonies located within 50  km of 
Goudier Island (Cuverville Island, Danco Island, Damoy Point, Useful Island and Water-
boat Point) all increased over the period 2001/2002 to 2016/2017 (Supplementary Fig. 2, 
Table S7, IAATO 2017). Over this 17 year period the number of people landed at all of 
these sites increased by 4.5 to 36.1% per annum.
Discussion
Our study focuses on the longest-running study examining visitor numbers and penguin 
population processes in the Antarctic. The dynamics of the gentoo colonies on Goudier 
Island are of interest in themselves, being situated within one of the fastest warming parts 
of the planet. That said, the study was initiated to explore interactions between visitors and 
penguins, so in this paper we focus much of our discussion upon this issue.
Population trends
The total number of gentoo penguin breeding pairs recorded on Goudier Island and at 
Jougla Point varied considerably between years but has fallen substantially at both sites 
since 1996/1997. Breeding success at these two sites also decreased over the same period. 
However, the population decreases at both Goudier Island and Jougla Point contrast with 
the majority of recent surveys at other gentoo breeding sites across the WAP/Scotia Arc. 
Excluding Goudier Island and Jougla Point, the general pattern has been broadly one of 
stable or increasing penguin populations and a gradual extension southward of the breed-
ing range of this species (Baylis et  al. 2013; Casanovas et  al. 2015; Clucas et  al. 2014; 
Ducklow et al. 2007; Dunn et al. 2016; Forcada et al. 2006; Humphries et al. 2017; IUCN 
2016; Juáres et  al. 2013; Lynch et  al. 2012, 2008). In reviewing other study sites where 
potential tourism impacts are high, we found that three gentoo penguin colonies located 
within 50  km of Goudier Island (Cuverville Island, Danco Island and Waterboat Point) 
have all shown increasing numbers of breeding pairs in parallel to increasing numbers 
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of tourists between 2001/2002 and 2015/2016. None of these three gentoo sites are how-
ever located in as small an area as Goudier Island in which tourists and breeding penguins 
overlap, suggesting caution in attempting to draw parallels. We also note that a study car-
ried out between 2003/2004 and 2007/2008 at Petermann Island (65°10′S, 64°10′W), 
approximately 48 km south east of Goudier Island and which also experiences high levels 
of tourism, found an increasing gentoo penguin population (Lynch et al. 2010). However 
the population trend at Peterman Island closely resembled that of Goudier Island over the 
same 5 year period to 2007/2008. More recent data from this location would therefore be 
valuable for determining whether the recent decline in gentoo penguin population size and 
breeding success at Goudier Island is occurring at this second, comparable site.
Population drivers and future directions
Stochastic environmental factors, such as snow coverage and air temperature can exert tem-
poral and spatial effects, frequently on a local scale (Cobley and Shears 1999; Micol and 
Jouventin 2001; Southwell et al. 2013; Van Franeker et al. 2001). Sea ice, oceanographic 
and weather conditions are all known to influence penguin population size and breeding 
success (Boersma 2008; Forcada and Trathan 2009). Our models for nest counts suggested 
a negative effect of higher temperatures and a positive effect of day of maximum sea ice; 
the best model indicated negative effects during years of extreme sea ice and increased sur-
face air temperature on numbers of gentoo breeding pairs and breeding success in visited 
and unvisited/control colonies at Goudier Island. These effects are consistent with similar 
observations in other parts of the range of this species and support results from the Peter-
mann Island study (Lynch et al. 2010) where breeding success was significantly correlated 
with total December precipitation (rain and/or snow). Both findings are of particular inter-
est given the increase in precipitation across the WAP (Lynch et  al. 2010; Turner et  al. 
2005).
The best nest count model found the interaction of year and visitors was highly signifi-
cant; recent years in which higher numbers of tourists visited Goudier Island had a more 
negative effect on numbers of gentoo breeding pairs both in visited and unvisited colonies. 
This decline was best modelled by a linear trend (variable “syear”). There was a strong cor-
relation between decreasing numbers of penguin pairs and increasing numbers of tourists 
over time, potentially confounding the importance of both time and tourist effects on nest 
counts. However, the best model had only the interaction term, thus resolving this issue, 
and suggested that there was strong support for a negative effect of visitors on nest counts.
Between 1996/1997 and 2007/2008, Trathan et  al. (2008) found a significant decline 
in breeding pairs (nests counted) in the colonies visited by tourists and stable or increas-
ing pair numbers in the unvisited control colonies at Goudier Island. A similar trend was 
found by Lynch et al. (2010) at Petermann Island between 2003/2004 and 2007/2008, with 
gentoo penguin reproductive success lowest in colonies frequently visited by tourists, as 
opposed to colonies that remained visitor-free. Our results show a continuation of the 
declining trend in numbers of breeding pairs within the visited colonies, but also reveal 
an almost identical rate of pair decline in the unvisited colonies (a reduction of 24% and 
25%, respectively, over the entire 21-year period). This represents a significant change at 
Goudier Island, and future surveys carried out at Petermann Island would be most useful 
in establishing whether such a change has also taken place on that island. The small size of 
Goudier Island makes a certain degree of close contact between penguins breeding in the 
control areas and humans inevitable, despite best efforts to minimalize disturbance to these 
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control colonies. Regardless of colony location, most penguins enter and leave the water 
from several main sections of shoreline, most of which are located within the visited part 
of the island. They use common pathways across the island which again require birds from 
both visited and control colonies to travel through the “visited areas” (UK Antarctic Herit-
age Trust unpublished data). The unvisited control colonies are located less than 100 m 
from the main buildings and walkways that form the focal points for visiting tourist parties, 
and the boundary zone dividing these colonies from the rest of the island runs adjacent to 
control colony one and four, facilitating the approach of tourists to within several metres 
of penguins nesting in these colonies. Consequently penguin breeding pairs in both visited 
and unvisited colony areas may be equally susceptible to negative behavioural or physi-
ological responses brought about by the continued season-long presence of large numbers 
of visitors (Bender et al. 2016; Holmes 2007; Southwell et al. 2013).
Practically all available penguin nesting areas on Goudier Island have been occupied 
by breeding pairs. Consequently it is plausible to assume that the carrying capacity (K) of 
the island has been reached, with pair numbers currently likely to be fluctuating around the 
maximum sustainable number. However, we found no significant effects of density depend-
ence when testing as a possible explanatory variable. Trathan et al. (2008) noted the plau-
sibility of movement by individual birds between colonies on Goudier Island and between 
Goudier Island and adjacent Wiencke Island (Jougla Point) as a likely cause of local scale 
variation in population size. The declining trend detected at both Goudier Island and Jougla 
Point in this study appears to dispel the possibility of such movement as the main driver of 
population decline.
During the 21 years of this study both Goudier Island and Jougla Point experienced a 
22% per annum increase in visitor numbers, and are amongst the most intensively visited 
areas anywhere in the WAP (Bender et  al. 2016; IAATO 2017; Lynch et  al. 2010). For 
example, in 2015/2016 Goudier Island received a total of 19,834 visitors over a 112 day 
period; an average of 177 people every day, despite a further 16 tourist ships cancelling 
their planned visits due to increased levels of sea ice (UK Antarctic Heritage Trust unpub-
lished data). This is a very significant increase from the 35-55 tourists visiting the same 
site every 1–2 days (262 people in total) in 1996/1997 (IAATO 2017) and represents a dis-
proportionate growth in tourist numbers and visits relative to the rest of the WAP (Bender 
et al. 2016; IAATO 2017; Lynch et al. 2010). Although we found no statistical correlation 
between the number of tourists and sea ice variables, increased sea ice might affect the 
arrival of cruise ships to Goudier Island, although this would be unlikely during the sum-
mer months when tourist visits take place. Recent predictive analyses suggest likely fur-
ther increases in the number of tourists visiting the Antarctic, including at Goudier Island 
and Jougla Point, particularly as winter sea ice continues to decline in extent and duration 
(Bender et  al. 2016; Lynch et  al. 2010; Stammerjohn et  al. 2008a). However, given the 
time lag associated with scheduling additional tourist cruises, it is unlikely that additional 
cruises could be organised at short notice in any given year to take advantage of prevailing 
sea ice conditions. Thus, disentangling the impact of the presence of tourists from envi-
ronmental factors may remain a complex problem, requiring more detailed data collection 
protocols than are currently in place.
Human disturbance can have a significant negative effect on Antarctic wildlife (Coetzee 
and Chown 2016). Stress to incubating birds, obstruction of foraging pathways and land 
routes to and from colonies, depressed recruitment at breeding sites and physiological dis-
ruption have all been cited as potential consequences of tourism close to sensitive penguin 
populations (Bender et al. 2016; Coetzee and Chown 2016; Ellenberg et al. 2006, 2007; 
Lynch et  al. 2010; Trathan et  al. 2015). Magellanic Spheniscus magellanicus, Humboldt 
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S. humboldti and yellow eyed Megadyptes antipodes penguins exposed to human visi-
tors all responded with elevated heart rates; the severity of disturbance and time taken for 
heart rate to return to normal was directly related to the length of exposure (Ellenberg et al. 
2013), including at distances of up to 150 m (Ellenberg et al. 2006). However, such studies 
should be treated with caution when intimating cause and effect in our study due to vari-
ation in sensitivity to human disturbance between penguin species and location (Trathan 
et al. 2008; Villanueva et al. 2014; Walker et al. 2005). Future monitoring of physical and 
physiological responses, such as heart rate, hormonal levels or body temperature, amongst 
gentoo penguins at Goudier Island could help to determine if and to what extent penguins 
within the visited and control colonies are exhibiting stress symptoms (Bejder et al. 2009), 
although the feasibility of carrying out increased levels of fieldwork at study sites of such 
high tourist intensity would require careful evaluation.
Conclusion
Over the past 21 years there has been a significant change in the gentoo penguin popu-
lation at Goudier Island and Jougla Point, Port Lockroy. However, the processes driving 
these local-scale changes remains unclear. Despite the evident decline in the numbers of 
breeding pairs and breeding success at both Goudier Island and Jougla Point, we advise 
caution when attempting to interpret the factors influencing these trends. Che-Castaldo 
et  al. (2017) demonstrated that the effects of random fluctuating dynamics and “process 
noise” can significantly influence abundance shifts in penguin populations, particularly at 
the local scale of individual colonies, and subsequently complicate accurate interpretation 
of the drivers responsible. Our data suggest a degree of complexity, with gentoo penguin 
population trends at Goudier Island (and Jougla Point) influenced by a number of poten-
tially subtle drivers acting together.
Given the high level of human visitation, on-going annual monitoring of the Goudier 
Island and Jougla Point gentoo penguin breeding populations should remain a high prior-
ity, including collecting information on numbers of visitors per day and length of visits to 
test for any specific visitor effects on each breeding stage (e.g. arrival, incubation, brood 
guard, crèche). Additional surveys using standard methodologies at other breeding sites 
of gentoo penguins within the Palmer Archipelago/WAP region would provide valuable 
comparisons and context to the changes taking place at Goudier Island (Che-Castaldo et al. 
2017), where current population trends differ from those at some other regional sites. Not-
ing the highly significant interactions between increasing human visitation and decreasing 
numbers of gentoo penguin breeding pairs at Goudier Island and Jougla Point, the current 
levels of tourist numbers could be seen in contradiction to a precautionary approach. Argu-
ably, a potential annual cap on total numbers of tourists visiting Goudier Island and Jougla 
Point and restrictions to the landing season at settlement should be considered. Continued 
collection of meteorological data, such as air temperature and snow cover, would be useful 
to evaluate ongoing stochastic environmental factors (Southwell et al. 2013; Trathan et al. 
2008; Van Franeker et al. 2001). Only by improving our understanding of the causes that 
manifest as population declines on both local and regional scales will we be able to imple-
ment management strategies to safeguard penguin populations at Port Lockroy and else-
where, and balance the demands of the tourism industry with the needs of the penguins.
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